The receptor for advanced glycation end products (RAGE) plays an important role in host defense against bacterial infection. In the present experiments, we investigated the mechanisms by which RAGE contributes to the ability of neutrophils to eradicate bacteria. Wild-type (RAGE ϩ/ϩ ) neutrophils demonstrated significantly greater ability to kill Eschericia coli compared with RAGE Ϫ/Ϫ neutrophils. After intraperitoneal injection of E. coli, increased numbers of bacteria were found in the peritoneal fluid from RAGE Ϫ/Ϫ as compared with RAGE ϩ/ϩ mice. Exposure of neutrophils to the protypical RAGE ligand AGE resulted in activation of nicotinamide adenine dinucleotide phosphate (NA-DPH) oxidase and enhanced killing of E. coli, and intraperitoneal injection of AGE enhanced bacterial clearance during peritonitis. However, incubation of neutrophils with high mobility group box 1 protein (HMGB1), which also binds to RAGE, diminished E. coliinduced activation of NADPH oxidase in neutrophils and bacterial killing both in vitro and in vivo. Deletion of the COOH-terminal tail of HMGB1, a region necessary for binding to RAGE, abrogated the ability of HMGB1 to inhibit bacterial killing. Incubation of neutrophils with HMGB1 diminished bacterial or AGE-dependent activation of NADPH oxidase. The increase in phosphorylation of the p40 phox subunit of NADPH oxidase that occurred after culture of neutrophils with E. coli was inhibited by exposure of the cells to HMGB1. These results showing that HMGB1, through RAGE-dependent mechanisms, diminishes bacterial killing by neutrophils as well as NADPH oxidase activation provide a novel mechanism by which HMGB1 can potentiate sepsis-associated organ dysfunction and mortality.
phox subunit of NADPH oxidase that occurred after culture of neutrophils with E. coli was inhibited by exposure of the cells to HMGB1. These results showing that HMGB1, through RAGE-dependent mechanisms, diminishes bacterial killing by neutrophils as well as NADPH oxidase activation provide a novel mechanism by which HMGB1 can potentiate sepsis-associated organ dysfunction and mortality.
receptor for advanced glycation end products; nicotinamide adenine dinucleotide phosphate oxidase; peritonitis; sepsis; inflammation; Eschericia coli NEUTROPHILS play central roles in acute inflammatory and innate immune responses through producing anti-bacterial peptides, cytokines, and other proinflammatory mediators, including reactive oxygen intermediates, and contributing to the formation of extracellular traps (8, 22, 33) . Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a high-output, superoxide-generating system, is an important source of the reactive oxygen intermediates produced by activated neutrophils. Deficiency in NADPH oxidase is associated with diminished ability of neutrophils to effectively kill bacteria. There is increased susceptibility to infection with Staphylococci and other extracellular bacteria in patients with chronic granulomatous disease, a condition associated with a hereditary defect of NADPH oxidase (14, 15, 17, 18) .
The receptor for advanced glycation end products (RAGE) recognizes a diverse spectrum of ligands, including nonenzymatically modified glycoproteins such as advanced glycation end products (AGE) (31, 32) , as well as high mobility group box 1 protein (HMGB1) and calgranulin (calcium binding cellular factors, S100B) (19, 20) . Cellular activation through RAGE engagement is involved in regulating cellular functions, such as metabolic homeostasis and chemotaxis, and also participates in pathological conditions associated with dysregulated inflammation including diabetes, atherosclerosis, arthritis, and cancer progression (23, 28, 36) . Cellular pathways downstream of RAGE engagement lead to activation of mitogen-activated protein kinase signaling and nuclear factor-B, with expression of pro-inflammatory cytokines, chemokines, and adhesion molecules (9, 43) . Transgenic mice deficient in RAGE expression develop less severe lung and liver injury in sepsis models (23, 29) . Blockade of interactions between RAGE and its ligands, achieved through systemic administration of soluble RAGE, results in improved outcome from sepsis (37) . However, inhibition of RAGE engagement has potent immunosuppressive effects as shown by increased bacterial growth in experimental models of peritonitis (39) . The apparent discrepancy between the effects of RAGE in experimental sepsis CLP versus peritonitis is not determined, and in particular, the mechanism by which RAGE contributes to the eradication of bacteria is not known. However, previous studies have shown that RAGE engagement can lead to activation of NADPH oxidase, an event associated with enhanced bacterial killing by neutrophils, macrophages, and other cell populations (12, 33) .
In the present experiments, we investigated the mechanisms by which RAGE contributes to the ability of neutrophils to eradicate bacteria under both in vitro and in vivo settings. We found that RAGE activation facilitated bacterial killing by neutrophils, likely through mechanisms involving activation of NADPH oxidase. Surprisingly, although both AGE and HMGB1 are known RAGE ligands, they evoked opposite effects on bacterial killing. Our results revealed that unlike prototypical RAGE ligands, such as AGE, HMGB1 through downregulating activation of NADPH oxidase can inhibit the bactericidal ability of neutrophils. Such findings provide new insights into the mechanisms by which RAGE and HMGB1 may contribute to inflammation and organ dysfunction during severe infection and sepsis.
MATERIALS AND METHODS
Mice. Male C57BL/6 mice (wild-type) were purchased from the National Cancer Institute, Frederick, MD. Mice deficient in RAGE (RAGE Ϫ/Ϫ ) were a gift from Dr. A. Bierhaus (University of Heidelberg, Heidelberg, Germany). Mice with mutation of p47phox (C57BL/6J-Ncf1 m1J /J) were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were housed and studied at the University of Alabama at Birmingham using Institutional Animal Care and Use Committee-approved protocols. Experiments were performed using 8-to 10-wk-old mice.
Reagents. RPMI 1640 was purchased from BioWhittaker (Walkersville, MD). FBS and penicillin-streptomycin were obtained from Gemini Bioproducts (Calabasas, CA). Hanks balanced salt solution (HBSS) was purchased from Invitrogen (Grand Island, NY). Custom antibody mixtures (Abs) and negative selection columns for neutrophil isolation were from StemCell Technologies (Vancouver, Canada). AGE-modified bovine serum albumin was from BioVision (Mountain View, CA). S100B was purchased from R&D (Minneapolis, MN). Recombinant HMGB1 and mutant HMGB1 lacking the COOH-terminal tail (⌬C-HMGB1) were prepared as previously described (5, 34) . Cytochrome c and antibody to actin were purchased from Sigma-Aldrich (St. Louis, MO). Anti-phospho-p40phox (Thr154) antibody was purchased from Cell Signaling (Danvers, MA).
Isolation of neutrophils. Mouse neutrophils were purified from bone marrow cell suspensions essentially as described previously (45) . In brief, bone marrow cells were incubated with 30 l of Ab cocktail specific to the cell surface markers F4/80, CD4, CD45R, CD5, and TER119 for 15 min at 4°C. Anti-biotin tetrameric Ab complexes (100 l) were then added to the cells and incubated for 15 min at 4°C followed by incubation with 60 l of colloidal magnetic dextran iron particles for 15 min at 4°C. The cell suspension was then placed into a column surrounded by a magnet. The T cells, B cells, red blood cells, monocytes, and macrophages were captured in the column, allowing the neutrophils to pass through as a result of negative selection. Cells were then washed with RPMI 1640 with or without FBS (5%). Neutrophil purity, as determined by Wright-Giemsastained cytospin preparations, was consistently greater than 98%.
In vitro killing activity assay. Neutrophils (0.5 ϫ 10 6 ) were incubated with ampicillin-resistant Escherica coli DH5␣ (1 ϫ 10 6 CFU) in RPMI 1640 medium (1 ml) without serum for 90 min at 37°C. Next, 20 l of cell/bacterial suspension was incubated with 480 l Triton X-100 (0.1%) for 10 min to lyse neutrophils. Serial dilutions were then plated on agar plates with ampicillin and incubated overnight at 37°C. The number of bacterial colonies on agar plates was determined using colony counter software (Bio-Rad, Hercules, CA). Of note, incubation of bacteria with 0.1% Triton X-100 for 10 min had no significant effect on bacterial viability.
In vivo killing activity assay. The efficiency of bacterial eradication in vivo was performed as previously described (30) . In brief, mice were subjected to intraperitoneal administration of 200 l ampicillinresistant E. coli (10 4 /ml saline) for 3 h. Peritoneal lavage fluid was acquired using 10 ml RPMI 1640 medium without serum, and the total number of cells and neutrophils were determined. The number of surviving bacteria was determined by incubation of the peritoneal lavage (95 l) with 1% Triton X-100 (5 l) for 10 min to lyse cells, and then serial dilutions were incubated on agar plates overnight at 37°C. Bacterial colonies were counted using colony counter software (Bio-Rad).
Assay for NADPH activity. NADPH oxidase activity was measured using a standard cytochrome c reduction assay as previously described (25, 26) . Briefly, neutrophils (5 ϫ 10 5 /ml) were incubated with cytochrome c (10 M) in the presence or absence of E. coli (1 ϫ 10 6 ), AGE (100 g), HMGB1, or ⌬C-HMGB1 (300 ng) in 1 ml of HBSS. The rate of cytochrome c reduction was recorded ( ϭ 550 nm, ⑀M ϭ 21 mM Ϫ1 ·cm Ϫ1 ) using a spectrophotometer (UV-2501PC Shimadzu; Shimadzu, Japan) for 15 min.
Imaging of DCF fluorescence. Intracellular level of reactive oxygen species (ROS) was determined using the redox-sensitive probes DCFH-DA in conjunction with fluorescent microscopy (41, 44, 46) . Briefly, neutrophils (2.5 ϫ 10 6 /well) were incubated with DCFH-DA (10 M) in a four-well chambered coverglass (Nalge, Naperville, IL) Fig. 1 . Effects of advanced glycation end products (RAGE) deficiency on bacterial killing in vitro and in vivo. A: bone marrow neutrophils (0.5 ϫ 10 6 / ml) obtained from RAGE ϩ/ϩ or receptor for RAGE-deficient mice (RAGE Ϫ/Ϫ ) were pretreated with AGE (0 or 100 g/ml) for 15 min and then incubated with Eschericia coli (10 6 /ml) for an additional 90 min. Means Ϯ SD values were obtained from three independent experiments. **P Ͻ 0.01 comparing RAGE
with RAGE Ϫ/Ϫ or *P Ͻ 0.05 comparing control RAGE ϩ/ϩ with AGE-treated RAGE ϩ/ϩ neutrophils. The numbers of surviving bacteria were calculated as the percentage of E. coli numbers obtained after culture without neutrophils. B and C: wild-type (WT) (RAGE ϩ/ϩ ) or RAGE Ϫ/Ϫ mice were subjected to intraperitoneal injection of AGE (0 or 300 g) and E. coli (10 4 ) with peritoneal lavage 3 h later. The numbers of viable E. coli (B) and total numbers of neutrophils (C) obtained from peritoneal lavages are shown. The number of E. coli (9.1 Ϯ 1.8 ϫ 10 4 CFU/ml) obtained from peritoneal lavage of RAGE ϩ/ϩ mice was used as a control (100% viability) to calculate percent viability of E. coli recovered from AGE-treated and from RAGE-deficient mice. Values are means Ϯ SD (n ϭ 3). **P Ͻ 0.01 comparing RAGE ϩ/ϩ with RAGE Ϫ/Ϫ or *P Ͻ 0.05 comparing control RAGE ϩ/ϩ with AGE-treated RAGE ϩ/ϩ mice.
for 60 min and then treated with E. coli (10 6 /well) for an additional 30 min. Fluorescent microscopic images were acquired using double bidirectional scans of live neutrophils with a Leica DMIRBE inverted epifluorescence/Nomarski microscope outfitted with Leica TCS NT laser confocal optics.
Imaging of cell surface RAGE. Neutrophils were treated as indicated in the figure legends and incubated with paraformaldehyde (4%) in PBS for 20 min at room temperature. Cells were then washed with PBS and incubated with bovine serum albumin (3%) in PBS for 45 min, followed by incubation with specific antibodies to RAGE (Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. Next, cells were washed with PBS and incubated with AlexaFluor 488-labeled antibody (Invitrogen, Carlsbad, CA) for 90 min at room temperature. After the cells were washed with PBS, they were mounted with emulsion oil solution containing DAPI to visualize nuclei. Microscopy was performed using a confocal laser scanning microscope (model LSM 710 confocal microscope; Carl Zeiss MicroImaging) provided by the High Resolution Imaging Facility at the University of Alabama at Birmingham.
Western blot analysis. Western blot analysis was performed as previously described (46) . Briefly, equal amounts of protein were resolved using 8 or 12% SDS-PAGE and transferred onto PVDF membranes (polyvinylidenedifluoride membrane, Immobilon-P; Millipore, Billerica, MA). To measure the amount of total and phosphorylated proteins, membranes were probed with specific antibodies followed by detection with horseradish peroxidase-conjugated goat anti-rabbit IgG. Bands were visualized by enhanced chemiluminescence (ECL Plus, Amersham) and quantified by AlphaEase FC software (Alpha Innotech, San Leandro, CA).
Statistical analysis. Data are presented as means Ϯ SD for each experimental group. One-way ANOVA followed by analysis with the Tukey-Kramer test was performed for comparisons between multiple groups, and Student's t-test was used for comparisons between two groups. A value of P Ͻ 0.05 was considered significant.
RESULTS

Activation of RAGE enhances the ability of neutrophils to eradicate bacteria in vitro and in vivo.
In initial experiments, we determined the ability of cultured control (RAGE ϩ/ϩ ) and RAGE-deficient (RAGE Ϫ/Ϫ ) neutrophils to kill bacteria. As shown in Fig. 1A , there was significantly greater killing of E. coli (ϳ30%) within 2 h after incubation with wild-type neutrophils compared with that found after coculture with RAGEdeficient neutrophils. The importance of RAGE for bacterial killing was established by inclusion of the prototypical RAGE ligand AGE in the neutrophil cultures. Exposure of wild-type, but not RAGE Ϫ/Ϫ , neutrophils to AGE resulted in enhanced killing of bacteria (Fig. 1A) . Next, we determined whether deficiency in RAGE has similar effects in vivo. Mice were given E. coli (10 6 ) intraperitoneally, and then the number of viable bacteria was determined in peritoneal lavage fluid ob- /ml) were incubated with HMGB1 (0 or 300 ng/ml) for 15 min and then cultured with E. coli (10 6 /ml) for 90 min, or E. coli were incubated without neutrophils. Means Ϯ SD values were obtained from three independent experiments. **P Ͻ 0.01 comparing RAGE ϩ/ϩ with RAGE Ϫ/Ϫ or comparing HMGB1-treated RAGE ϩ/ϩ with RAGE ϩ/ϩ neutrophils. In B and C, mice were given E. coli (10 4 ip) with or without HMGB1 (0 or 300 ng ip), and then peritoneal lavages were obtained 3 h later. The percentage of viable bacteria (B) and total numbers of neutrophils (C) in peritoneal lavage are shown. The number of E. coli (10.4 Ϯ 1.9 ϫ 10 4 CFU/ml) obtained from peritoneal lavage of RAGE ϩ/ϩ mice not given HMGB1 was used as a control (100% viability). Values are means Ϯ SD (n ϭ 3). **P Ͻ 0.01 compared with untreated RAGE ϩ/ϩ controls. D-F: deletion of the COOH-terminal region of HMGB1 (⌬C-HMGB1) diminishes the ability of HMGB1 to inhibit bacterial killing. D: number of E. coli obtained after 90 min of culture with neutrophils that were pretreated with HMGB1 or ⌬C-HMGB1 (0 or 300 ng/ml) for 15 min. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 comparing untreated to HMGB1-treated cells. E and F: percentages of remaining viable bacteria (E) and numbers of neutrophils (F) in peritoneal lavages that were obtained 3 h after mice received E. coli (10 4 ip) with or without full-length HMGB1 or mutant ⌬C-HMGB1. The number of E. coli (9.2 Ϯ 1.4 ϫ 10 4 CFU/ml) obtained from peritoneal lavage of mice not exposed to HMGB1 or ⌬C-HMGB1 was used as a control (100% viability). Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 compared with untreated cells. tained 3 h later. As shown in Fig. 1B , RAGE-deficient mice had decreased ability to eradicate bacteria compared with RAGE ϩ/ϩ mice. Intraperitoneal injection of the RAGE ligand AGE enhanced bacterial killing during peritonitis by wild-type mice, but AGE had minimal effect in RAGE-deficient mice. Similar numbers of neutrophils were present in peritoneal lavages after E. coli infection in RAGE ϩ/ϩ or RAGE Ϫ/Ϫ mice (Fig. 1C) , indicating that the diminished bacterial killing found in RAGE Ϫ/Ϫ mice was not due to decreased recruitment of neutrophils into the peritoneum but rather to alterations in cellular response.
Exposure to HMGB1 decreases the ability of neutrophils to kill bacteria. Because activation of RAGE with AGE enhanced killing of bacteria by neutrophils, we determined whether such anti-bacterial effects were also induced by HMGB1, which has been shown to bind with high affinity to RAGE (1). However, unlike the potentiating effects of AGE on bacterial killing, culture of RAGE ϩ/ϩ neutrophils with HMGB1 was associated with increased survival of bacteria compared with incubation of neutrophils with E. coli alone ( Fig. 2A) . In these experiments, the inhibitory effects of HMGB1 on bacterial killing occurred at a concentration of 300 ng/ml, which is similar to HMGB1 levels previously reported in the lungs and circulation in critically ill patients with sepsis or acute lung injury (3).
The ability of HMGB1 to inhibit bacterial killing was also found under in vivo conditions, where increased numbers of bacteria were present in peritoneal lavages of mice given HMGB1 at the same time as E. coli (Fig. 2B) . Of note, similar numbers of peritoneal neutrophils were recovered after intraperitoneal E. coli administration with or without HMGB1 (Fig. 2C) .
To determine whether the inhibitory effect of HMGB1 on bacterial killing is related to its ability to bind RAGE, neutrophils were incubated with ⌬C-HMGB1, which is unable to interact with RAGE (1, 5). As shown in Fig. 2D , unlike full-length HMGB1, which diminished bacterial killing by neutrophils, inclusion of ⌬C-HMGB1 in the neutrophil cultures had no effect on bacterial killing.
Increased numbers of neutrophils compared with control and HMGB1-treated mice were found in peritoneal lavages from mice treated with ⌬C-HMGB1 intraperitoneally (Fig. 2E) . However, administration of ⌬C-HMGB1 had no effect on Fig. 3 . Effects of AGE, HMGB1, S100B, and ⌬C-HMGB1 on nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in E. coli-stimulated neutrophils. A: NADPH oxidase activity was determined in WT (RAGE ϩ/ϩ ) and RAGE-deficient (RAGE Ϫ/Ϫ ) neutrophils after incubation of the cells with AGE (0 or 100 g/ml) or HMGB1 (0 or 300 ng/ml) for 15 min followed by culture with E. coli (10 6 /ml) for an additional 15 min. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, NS, not significant. B: NADPH oxidase activity in neutrophils treated with HMGB1 or ⌬C-HMGB1. Cells were cultured with HMGB1 (0 or 300 ng/ml) or ⌬C-HMGB1 (0 or 300 ng/ml) for 15 min and then exposed to E. coli (0 or 10 6 /ml) for 15 min. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, ***P Ͻ 0.001, NS, not significant. C: neutrophils were treated with HMGB1 (0, 3, 30, or 300 ng/ml) for 15 min and then incubated with AGE (0 or 100 g/ml) and E. coli (10 6 /ml) for a further 15 min. NADPH oxidase activity was then measured. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. D: NADPH oxidase activity was measured in neutrophils treated with AGE (0 or 100 g/ml) or simultaneously with AGE (100 g/ml) and HMGB1 (300 ng/ml) for 15 min. Values are mean Ϯ SD (n ϭ 3). *P Ͻ 0.05 compared with untreated cells or #P Ͻ 0.05 compared with neutrophils treated with AGE alone. E: NADPH oxidase activity was determined after incubation of neutrophils (RAGE ϩ/ϩ ) with S100B (0 or 50 g/ml) for 15 min. Values are means Ϯ SD (n ϭ 3). F: ability of neutrophils to eradicate E. coli was determined after exposure of neutrophils (0.5 ϫ 10 6 /ml) to S100B (0 or 50 g/ml) for 15 min followed by inclusion of E. coli (0 or 10 6 /ml) in the cultures for an additional 120 min. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 compared S100B treated with control. G: representative images show expression of RAGE on the cell surface of control neutrophils and neutrophils treated with HMGB1 or AGE for 2 h. Green, RAGE; blue, nuclei. intra-abdominal clearance of E. coli, unlike the inhibitory effects of full-length HMGB1 (Fig. 2F) . These in vitro and in vivo results suggest that interaction with RAGE is responsible for the inhibitory effects of HMGB1 on bacterial killing.
Exposure of neutrophils to HMGB1 inhibits activation of NADPH oxidase. Activation of NADPH oxidase and production of ROS by neutrophils are essential for the efficient eradication of extracellular bacteria (33) . Because interaction with AGE and HMGB1 had differing effects on bacterial killing by neutrophils, we determined whether such differences were related to the extent of NADPH oxidase activation. As shown in Fig. 3A , exposure of neutrophils to E. coli or AGE rapidly induced NADPH oxidase activity. In contrast, HMGB1 diminished bacterial or AGE-dependent activation of NADPH oxidase. Whereas incubation of neutrophils with HMGB1 dose dependently decreased AGE-induced NADPH oxidase activation (Fig. 3C) , ⌬C-HMGB1 (Fig. 3B) or heat-inactivated HMGB1 (data not shown) did not alter the ability of neutrophils to activate NADPH oxidase. Simultaneous addition of HMGB1 (300 ng/ml) and AGE (100 g/ml) into the neutrophil cultures resulted in decreased activation of NADPH oxidase compared with stimulation of neutrophils with AGE alone (Fig. 3D) . Of note, the participation of RAGE in the activation of NADPH oxidase and in killing of bacteria was confirmed when neutrophils were incubated with S100B, an additional RAGE ligand (19) , S100B ligand (Fig. 3, E and F) . Although similar amounts of RAGE were detected on the cell membrane of control and AGE-treated neutrophils, a marked decrease in RAGE expression was found after neutrophils were cultured with HMGB1 (Fig. 3G) .
In additional experiments (Fig. 4) , we confirmed that activation of NADPH oxidase by PMA potentiated, whereas inactivation of NADPH oxidase due to mutation of the p47 phox subunit diminished ROS formation and bacterial killing by neutrophils under both in vitro and in vivo conditions. Of note, exposure to E. coli resulted in marked increase of ROS formation in RAGEϩ/ϩ compared with RAGE Ϫ/Ϫ neutrophils (Fig.  4E) . These results suggest that activation of RAGE followed by ROS production promoted killing of bacteria.
Activation of NADPH oxidase requires phosphorylation and assembly of several subunits, including p40 phox . Phosphorylation of p40 phox has been shown to be essential step for activation of NADPH oxidase in neutrophils (10) . Because HMGB1 inhibited NADPH oxidase activation by AGE or bacteria, we determined the phosphorylation status of the p40 phox subunit of NOX2 in neutrophils exposed to HMGB1. As shown in Fig. 5 , the increase in p40 phox phosphorylation that occurred after culture of neutrophils with E. coli was inhibited by exposure of the cells to HMGB1. These results suggest that the ability of HMGB1 to inhibit NADPH oxidase activation may be a potential mechanism by which HMGB1 diminishes bacterial killing both in vitro and in vivo. phox mutant neutrophils to kill bacteria. Neutrophils (WT or p47 mutant) were incubated with HMGB1 (0 or 300 ng/ml) for 15 min or with AGE (0 or 100 g/ml) for 15 min followed by culture with E. coli (10 6 /ml) for an additional 15 min. NADPH oxidase activity was then measured. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05. B and C: wild-type (C57BL/6) mice and mice deficient in NADPH oxidase activity (C57BL/6J-Ncf1m1J/J) were subjected to intraperitoneal administration of E. coli (10 4 ), and then the numbers viable E. coli (p47 WT 8 Ϯ 7 ϫ 104 CFU/ml and p47 mutant 1.45 Ϯ 0.31 ϫ 104 CFU/ml) (B) and total number of neutrophils (C) determined in peritoneal lavages were obtained 3 h later. Values are means Ϯ SD (n ϭ 3). ***P Ͻ 0.001 compared with WT mice. D and E: representative images show the level of DCF fluorescence in p47 phox WT or mutant neutrophils treated with PMA (0 or 50 nM) for 30 min (D) or after exposure RAGE ϩ/ϩ or RAGE Ϫ/Ϫ neutrophils to E. coli (E).
DISCUSSION
In the present studies, we found that activation of RAGE plays a central role in the eradication of bacteria by neutrophils under in vitro and in vivo conditions. However, unlike AGE or S100B, two RAGE ligands, which increased bacterial killing by neutrophils in culture and in an experimental model of peritonitis, and HMGB1, which has also been shown to interact with RAGE, had opposite effects, diminishing bacterial killing under both in vitro and in vivo conditions. The involvement of RAGE in bacterial killing is consistent with previous studies using experimental models of peritonitis that showed enhanced bacterial growth in the peritoneum as well as systemic spread of bacteria in RAGE-deficient mice (39) .
Although signaling pathways, including activation of mitogen-activated protein kinases and nuclear factor-B, are known to be activated upon engagement of RAGE (7, 21) , little is known about the mechanisms by which RAGE facilitates bacterial eradication. Previous studies demonstrated that engagement of RAGE on neutrophil like cell lines resulted in activation of NADPH oxidase and production of ROS (27) . The present experiments showed that engagement of RAGE on neutrophils by AGE also resulted in NADPH activation and contributed to bacterial killing.
Activation of NADPH oxidase in neutrophils is known to play a key role in host defense against bacteria. In the present studies, we found that culture of neutrophils with E. coli resulted in activation of NADPH oxidase in wild-type but less activation was found in RAGE-deficient cells. The mechanism for RAGE-dependent activation of NADPH oxidase is not well delineated, although stimulation of RAGE is known to activate mitogen-activated protein kinase pathways, including extracellular regulated kinase 1/2 (ERK1/2), which have been shown to participate in the activation of NADPH oxidase (11, 27) .
Under basal conditions, the NADPH oxidase subunits p40 phox or p47 phox are disassociated in the cytoplasm (4, 16, 40) . Phosphorylation and subsequent assembly of p40 phox and p47 phox to form the functional NADPH oxidase enzyme occurs after cellular activation. In the neutrophil-like H-90 cell line, the RAGE ligand S100B has been shown to prime the cells for enhanced fMLP-induced respiratory burst as a result of ERK1/2 activation and p47 phox translocation to the cellular membrane (27) . In the present experiments, we directly demonstrated that RAGE ligation with AGE induced NADPH oxidase activation in neutrophils, and also that exposure of neutrophils to HMGB1 not only decreased the activation of NADPH oxidase produced by exposure to E. colinbut also reduced E. coli-induced p40 phox phosphorylation. Previous studies have shown that HMGB1 binds with high affinity to RAGE (13, 42) . We therefore expected that exposure of neutrophils to HMGB1 would result in activation of NA-DPH oxidase and enhanced killing of bacteria in a manner similar to that found after incubation of neutrophils with AGE, a prototypical RAGE ligand. However, this was not a case, indicating that HMGB1 competitively inhibited the bactericidal effects of RAGE ligation. The requirement for interaction between HMGB1 and RAGE to produce the HMGB1-associated decrease in bacterial killing was shown in two ways. First, HMGB1 lacking the RAGE binding COOH-terminal tail was without effect on bacterial killing. Second, the ability of HMGB1 to diminish neutrophil-associated bacterial killing was absent when RAGE Ϫ/Ϫ neutrophils were incubated with HMGB1 and E. coli, and no effect of HMGB1 on peritoneal clearance of bacteria was found under in vivo conditions in RAGE Ϫ/Ϫ mice. An important question raised by these experiments is how AGE and HMGB1, two RAGE ligands, not only can have opposite effects on activation of NADPH oxidase and bacterial killing but also can compete with each other for effect. While the ability of HMGB1 to bind to RAGE is well established, it is presently unknown whether the region of RAGE interacting with HMGB1 is the same as that which is utilized by AGE and other RAGE ligands. Moreover, we have shown that exposure to HMGB1 diminished the amount of RAGE on the cell membrane, likely affecting ability of other ligands to stimulate RAGE.
RAGE and its ligands are implicated in a variety of inflammation-related pathological states, including sepsis, diabetes, atherosclerosis, cystic fibrosis, and cancer (23, 28, 36) . For example, mice deficient in RAGE have been shown to be resistant to LPS-induced organ injury and mortality but show diminished ability to control bacterial proliferation in E. coli peritonitis (23, 38, 39) . Diabetic mice lacking RAGE have diminished atherosclerosis (35) . The apparent discrepancy between the beneficial effects of the absence of RAGE on sterile inflammatory processes and the detrimental properties of RAGE deficiency on bacterial eradication during peritonitis highlights the importance of achieving an appropriate balance phox phosphorylation and actin levels obtained from neutrophils treated with E. coli (10 6 ) for 0, 10, 20, or 30 min. Cells were cultured with HMGB1 (0 or 300 ng/ml) for 15 min before addition of E. coli. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05 comparing neutrophils cultured with E. coli alone to control (untreated) neutrophils or to neutrophils treated with HMGB1 and E. coli.
of inflammatory activation in pathophysiological processes in which infection plays a major role.
Therapies directed against HMGB1 have been shown to be beneficial in a wide variety neutrophil-associated inflammatory conditions including acute lung injury, sepsis, and ischemiareperfusion-induced tissue injury (1) . Potential mechanisms for the effects of such interventions have been postulated to reflect their ability to diminish HMGB1-associated cellular activation and to reverse the inhibitory effects of HMGB1 on the clearance of activated neutrophils from proinflammatory foci (1, 5, 24) . The present results, showing that HMGB1, through RAGE-dependent mechanisms, diminishes bacterial killing by neutrophils as well as NADPH oxidase activation provides a novel mechanism by which HMGB1 can potentiate sepsisassociated organ dysfunction and mortality. In particular, in the setting of severe infection, increased extracellular concentrations of HMGB1 appear to be capable of inhibiting neutrophildependent antibacterial defense mechanisms, thereby allowing bacterial proliferation and dissemination which then contribute to organ injury. Additional studies will be necessary to establish the importance of this putative pathway in clinical situations where appropriate antibacterial therapy is being utilized.
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